Primordial germ cells (PGCs) are the origin of all germ cells in developing embryos. In the sturgeon embryo, PGCs develop from the vegetal hemisphere, which mainly acts as an extraembryonic source of nutrition. Current methods for studying sturgeon PGCs require either killing the fish or using costly and time-consuming histological procedures. Here, we demonstrate that visualization of sterlet (Acipenser ruthenus) PGCs in vivo is feasible by simply labeling the vegetal hemisphere with fluorescein isothiocyanate (FITC)-dextran. We injected FITC-dextrans, with molecular weights varying between
INTRODUCTION
In fish ontogenesis, the origin of all germ cells can be traced back to several dozen primordial germ cells (PGCs) in the developing embryo. In fish, PGCs form at various locations by the inheritance of maternally supplied ''germplasm'' (a particular region of cytoplasm that specifies germ cell fate) and then migrate toward the place where the gonad will develop. PGCs are the basic germinal elements of the developing gonad, and the developmental integrity of PGC formation, migration, and proliferation is essential for gametogenesis in the sexually mature individual [1] . Elucidation of the development of PGCs in fish will provide fundamental insights regarding gonad development, sex determination, and sexual differentiation as well as a promising technique to manipulate the reproductive system of fishes [2, 3] .
The ability to track PGC development is recognized as important in the management of some animals. For example, PGCs appear to play an important role in sexual differentiation, and the absolute number of PGCs may determine sexual phenotype in some teleosts [4] [5] [6] . Moreover, PGC migration during embryonic development can be disrupted by environmental conditions, such as low dissolved oxygen in the culture water [7] . These characteristics of PGCs have stimulated research concerning their role in gonadal formation and sex determination in a variety of model fish species [8] [9] [10] [11] . The information obtained in such studies is also very important for the management and conservation of endangered species, such as sturgeons.
Sturgeons belong to the order Acipenseriformes, which is one of the oldest in the class Actinopterygii. This order is frequently referred to as ''living fossils'' in the literature [12] . Sturgeons receive considerable attention across a wide range of disciplines because of their commercial importance as a source of caviar and because they are all imperiled as a result of habitat alteration and overharvesting within much of their ranges [13] . Despite its importance, however, PGC development in the embryos and fry of sturgeon species has been investigated little until recently, although Grandi et al. [14] have provided histological observations on late embryonic developmental stages. Sturgeon eggs have holoblastic cleavage, similar to that in anurans [15] . The pattern of development of sturgeon embryos more closely resembles that of Xenopus than of teleost species, not only in their cleavage pattern but also in many other aspects [16, 17] . The sturgeon egg is relatively large and contains considerable quantities of lipids; because of these properties, it is difficult to distinguish PGCs from somatic cells in early embryos using standard methods, such as histology. Recently, however, we investigated PGC development in sturgeon embryos in vivo using injection of an artificial mRNA (gfp-nos3 3 0 -untranslated region [UTR] mRNA) and demonstrated that PGCs originated from the presumptive extraembryonic tissue located at the vegetal pole [18] . Thus, the origin of the PGCs is spatially distant from the somatic cells of the early embryo, and the two are somewhat separated by the vegetal extraembryonic tissue (yolk-blastomeres). During embryonic development, PGCs migrate from their place of origin to the gonadal region. Unfortunately, using the gfp-nos3 3 0 -UTR mRNA approach, green fluorescent protein (GFP) expression in the PGCs gradually disappears after hatching and becomes difficult to observe after approximately 1 mo postfertilization. In addition to this technical limitation, the mRNA construct used in the injection requires many steps for the preparation of nucleotides as well as RNasefree conditions. Currently, transgenic strains that possess a reporter gene in germ cells are not available in sturgeons, largely because of the extremely long reproductive cycle. In light of the problems outlined above, new approaches are needed to enable visualization of sturgeon PGCs in vivo both to study the dynamics of their development and to enable isolation of viable PGCs for other protocols (e.g., cryopreservation, cell culture, or cell transplantation). These new methodologies will preferably be non-RNA based or nontransgene based to reduce costs. Additionally, labeling of PGCs should last longer than 1 mo and allow the cells to be identified in histological sections.
In the present study, we took advantage of the pattern of PGC development in a sturgeon species to visualize PGCs using an injection with a fluorescent tracer dye conjugated to high-molecular-weight dextran (fluorescein isothiocyanate [FITC]-dextran). The concept of this approach was to label the germplasm region, where PGCs are exclusively generated, and thereby to label the PGCs. We found that injection of FITC-dextran into the vegetal pole at an early cleavage stage labels the vegetal yolk-blastomeres as well as the FITCpositive PGCs, which have been formed in this region, before they migrate toward the genital ridge. The vegetal cells of this area are mainly digested to provide nutrition via the newly formed gut. To the best of our knowledge, this is the first report that PGCs of any animal species can be labeled in vivo by a non-molecular biological technique.
MATERIALS AND METHODS

Ethics
All experimental procedures were performed in accordance with national and institutional guidelines on animal experimentation and care and were approved by the Animal Research Committee of the University of South Bohemia in Ceske Budejovice.
Preparation of Embryos
In the present study, we used embryos from pairs of sterlet (Acipenser ruthenus), Russian sturgeon (A. gueldenstaedtii), Beluga sturgeon (Huso huso), and Siberian sturgeon (A. baerii). The fish were held in tanks at 158C. To induce spermiation, males were injected with a single intramuscular injection of 40 mg/kg of acetone-dried carp pituitary homogenized extract (CPE). At 42 h after hormonal injection, sperm were collected from the urogenital papilla using a catheter, transferred to a separate cell-culture container (250 ml), and stored at 48C until use. In females, ovulation was induced with two acetone-dried CPE injections, the first of 0.5 mg/kg and the second, 12 h later, of 45 mg/kg. The ovulated eggs were collected 42 h after the first injection. The eggs were fertilized with sperm in dechlorinated water at 158C. Fertilized eggs become sticky when they come in contact with water, and the sticky chorion makes it difficult to manipulate and cultivate the eggs. To remove the stickiness of the outer layer, the eggs were treated with 0.1% tannic acid solution (three times in 10 min). Then, the outermost layer of the chorion was removed using forceps, and the embryos were cultured in dechlorinated tap water containing 0.01% penicillin and 0.01% streptomycin at 158C until hatching. Up to 20 embryos were kept in 100 ml of dechlorinated tap water, and the water was replaced every 24 h. We used the description of development by Ginsburg and Dettlaff [19] to stage prelarvae.
Microinjections
Three injection experiments were conducted as follows: First, to test whether it was possible to confine the area of labeling in an embryo by changing the molecular weight of the tracer dye, we coinjected 5% tetramethylrhodamine (TRITC)-dextran (molecular weight, 10 000; TD-10) and 5% FITC-dextran (molecular weight, 500 000; FD-500) in 0.2 M KCl into the vegetal pole of 1-cell stage fertilized embryos. Second, to determine the optimal size of dextran molecule for FITC-labeling of PGCs, we injected FITCdextrans of five different molecular weights into the vegetal pole of 1-to 4-cell stage embryos. The average molecular weight of each FITC-dextran was 10 000 (FD-10), 70 000 (FD-70), 250 000 (FD-250), 500 000 (FD-500), and 2 000 000 (FD-2000) (all from Sigma). All FITC-dextrans were dissolved in 0.2 M KCl at 5% concentration. Third, as positive control, we synthesized gfp-nos3 3 0 -UTR mRNA for injection into the vegetal pole of fertilized embryos at the 1-to 4-cell stage. The capped sense mRNA was synthesized in vitro using the mMESSAGE mMACHINE Kit (Ambion) and dissolved at 500 lg/ll in 0.2 M KCl.
The amount of all solutions injected into each egg could not be measured accurately because of interference by the pigment layer with observation of the procedure and because of the difficulty of overcoming the internal pressure of the egg cytoplasm to standardize the injection pressure. Therefore, we injected the solution by initiating a low, constant flow from the tip of the needle before inserting the needle into the egg. Each embryo was observed just after injection using the Leica M165 fluorescence stereomicroscope imaging system to determine whether it had FITC-labeled PGCs; nonlabeled eggs were discarded. The number of PGCs in each embryo was counted using the fluorescence stereomicroscope during stages 24-26 (lateral plate fusion). Three replicated experiments were performed for each experimental group, and the average number of PGCs was calculated from the sum of these experiments. PGCpositive embryos were placed in a 1% agar-coated dish in a tricaine solution (33.6 mg in 100 ml of water) to anesthetize, and images were captured using the Leica M165 imaging system. The captured images were quantified and processed using ImageJ (National Institutes of Health) or Photoshop CS5.1 (Adobe).
Immunostaining of FITC-Labeled Cells
The FITC-labeled PGC-like cells were manually isolated from the tail budstage embryos. These cells were fixed with 4% paraformaldehyde on a glass slide that was treated with poly-L-lysine for 1 h at 48C. Permeabilization of the cells was performed three times with 0.3% Triton X-100 in PBS for 10 min each time. Cells were washed three times in PBS and then subjected to the blocking treatment with 1% bovine serum albumin (BSA) and 0.05% Tween in PBS for 30 min. Then, cells were incubated in anti-DDX4 antibody (600-fold dilution; 1% BSA and 0.05% Tween in PBS; GeneTex, Inc.) for 2 h at room temperature. After washing three times with 1% BSA and 0.05% Tween in PBS for 5 min each time, cells were incubated in anti-rabbit immunoglobulin G-TRITC antibody (400-fold dilution; 1% BSA and 0.05% Tween in PBS; Sigma-Aldrich) for 1 h at room temperature. Cells were washed three times with PBS. Before observation, cells were stained for 10 min with 4 0 ,6-diamidino-2-phenylindole (DAPI; 50 lg/ml) for visualization of nuclei. After washing three times with PBS, cells were observed and photographed using an Olympus IX83 microscope equipped with a digital camera ORCA-R2 (Hamamatsu Photonics). Multicolor images were processed and merged into single images using cellSens software (Olympus).
Time-Lapse Imaging
Sturgeon embryos that had FITC-labeled PGCs following FD-500 injection were placed in a 120-mm dish filled with 3% methylcellulose (Sigma) in water for time-lapse imaging (Leica M165 and Leica Application suite [LAS] software version 3.1). Images were captured at 30-sec intervals for 3 h at room temperature (adjusted to 188C using an air conditioner). The speed of cell migration was calculated from the cell paths. Cell centroid movements were tracked at 5-min intervals over an 80-min period using ImageJ software, and mean migration speeds were compared using t-tests.
FITC-Labeled PGCs in Fry
The PGC-labeled embryos following FD-500 injection were placed in an aquarium after hatching and fed with tubefex and dried pellets two to three times per day. Some embryos were killed using a tricaine overdose and cervical dislocation. The abdomens were then opened to analyze their genital ridges to determine how long FITC fluorescence in the PGCs lasted after the hatching stage.
Histological Observations
Embryos with labeled PGCs following FD-500 injection (FITC-500 embryos) were allowed to develop to the hatching stage and then fixed SAITO AND PSENICKA overnight as larvae in Bouin fixative and embedded in paraffin. Serial sections were cut at 8 lm thickness and attached to glass microscope slides with 0.01% poly-L-lysine. FITC labeling was detected using an anti-FITC antibody (71-1900; Invitrogen) and visualized with diaminobenzidine by the ABC reaction (VECTASTAIN ABC kit; Vector Laboratories) as described in the manufacturer's protocol; the sections were counterstained with hematoxylin-and-eosin. For cryosections, FITC-500 embryos were fixed in 4% paraformaldehyde in PBS for 1 h, washed in PBS three times for 10 min each time, embedded in Tissue-Tek O.C.T. (Sakura), and rapidly frozen in a À808C deep freezer. Sections of 10 lm thickness were cut using a CM 1850 cryostat (Leica) at À208C and placed on Superfrost microscope slides (Fisher Scientific). The specimens were mounted in 0.1% DAPI solution in PBS and then photographed using the Olympus IX83 microscope equipped with a digital camera ORCA-R2 (Hamamatsu Photonics).
RESULTS
Diffusion Speed of Tracer Dyes with Different Molecular Weights
We coinjected TD-10 and FD-500 into the vegetal pole of fertilized embryos to compare the diffusion speed of each molecules. Up until the 4-cell stage, TD-10 permeated rapidly to the animal pole, whereas FD-500 remained in the area near the vegetal pole (Fig. 1A) . The speed of diffusion of FD-500 was very slow, and as the embryos developed, cleavage planes isolated the animal hemisphere before the FITC was able to enter. Consequently, in the stage-32 embryo (tip of tail touches the head), high-molecular-weight FITC-dextran was confined to the labeled area of yolk cells (Fig. 1B) .
Optimal Molecular Weight for Labeling PGCs
We injected FITC-dextrans of five different molecular weights into the vegetal pole of 1-to 4-cell stage embryos to determine the optimal dextran molecule size for FITC labeling of PGCs. As anticipated, the spread of the FITC-dextran from the injection site varied according to its molecular weight; that is, larger-molecular-weight FITC-dextran was confined to a smaller area (Fig. 1C) . FITC-positive PGC-like cells appeared around the margins of the tail bud (Fig. 1C) . At this embryonic stage (stage [24] [25] [26] , the highest average number of PGC-like cells was seen in the embryos injected with FD-500 (mean 6 SD: 42.0 6 27.8) (Fig. 1D) . By contrast, no PGC-like cells could be distinguished at any stage in FD-10-labeled embryos because all cells were positive for FITC (Fig. 1C) .
Vasa Protein Expression in FITC-Labeled Cells
Next, we analyzed the pattern of migration of PGC-like cells in embryos to determine whether FD-500-labeled PGC-like cells were indeed PGCs. Serial observations and time-lapse imaging under a fluorescence stereomicroscope demonstrated that the route and behavior of the PGC-like cells were identical to those of PGCs and that their final location was at the position where the gonads develop (Fig. 2, A and B) . To address whether the FITC-labeled PGC-like cells express germline specific protein, we performed anti-Vasa (DDX4) 
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antibody staining. Vasa protein expression was observed in the FITC-positive PGC-like cells at the tail-bud stage (Fig. 2 , C-E), whereas non-FITC-labeled cells showed low or no Vasa protein expression. Our analysis therefore showed that the PGC-like cells were in fact PGCs.
Migration of FITC-Labeled PGCs in Embryos
The time-lapse imaging analysis indicated that migration of sturgeon PGCs had two phases. At around stage 25, the PGCs were active and developed protrusions or pseudopodia (Fig.  3A, red arrowhead) . These PGCs could be removed with comparative ease from surrounding tissues by surgical manipulation with forceps. However, the speed of migration of the cells declined until around stage 32 or 33. These cells did not change their positions in relation to other PGCs, and all continued to move slowly and gradually toward the future gonad (Fig. 3, B and C) . After the end of this phase (around stages 34-36; hatching), PGCs were found to be tightly attached to and surrounded by somatic cells on the developing gut; mechanical isolation of these cells was difficult (Fig. 3D) .
Longevity of FITC Labeling During Sturgeon Development
No significant differences in survival rates among the control and two experimental groups were found (Table 1) . We were able to identify FITC-positive PGCs for at least 3 mo after fertilization using a stereomicroscope (Fig. 4, A-E) and to assess their rate of proliferation by counting the number of FITC-positive cells (Fig. 4F) . By contrast, GFP-labeled PGCs were difficult to observe after hatching and had completely disappeared before the age of 2 mo (Fig. 4F) .
Injection of TRITC-dextran (molecular weight, 500 000; TD-500) also successfully labeled PGCs in the same manner as FD-500. Moreover, the FD-500/TD-500 PGC visualization technique also worked in other sturgeon species, such as Russian sturgeon, Beluga sturgeon, and Siberian sturgeon.
Histological Detection of Injected FITC in Embryos
The FITC-labeled cells could be detected in paraffinmounted histological sections using an anti-FITC antibody and diaminobenzidine staining. In the sections, the FD-500-labeled PGCs were seen as brown cells at the genital ridge of hatched larvae (Fig. 5, A and B) . The FITC-labeled PGCs were also observed in cryosections at 90 days postfertilization (dpf) (Fig.  5, C and D) . At this stage, PGCs were completely surrounded in the gonad by somatic cells. These results support our conclusion that FITC-labeled PGC-like cells are genuine PGCs. SAITO AND PSENICKA
DISCUSSION
In the present study, we demonstrated that in sturgeon zygotes injected at the 1-to 4-cell stage with FITC or TRITC conjugated with a high-molecular-weight dextran (FD-500/TD-500), PGCs could be visualized from the neurula to tail-bud stage (stage 21-24) until at least 3 mo of age. This nontransgenic PGC-labeling technique provides significant experimental benefits for investigating PGC biology in Acipenseridae species compared to previously developed approaches. Transgenic strains that carry a fluorescent protein in their germ cells provide a valuable tool for research and have been established in zebrafish, medaka, and trout [20] [21] [22] . Because reproduction in Acipenseridae species only occurs at 5 to 20 yr of age, depending on the species, establishing transgenic strains would require between 10 and 40 yr (a minimum of two generations) for selection. Furthermore, the selection and maintenance of transgenic sturgeon would necessitate the use of very large holding facilities, and approval would be required for breeding genetically modified organisms. The alternative approach of injecting mRNA to enable PGC visualization has also been reported in some fish and allows investigation of PGC development in these species [18, [23] [24] [25] [26] . However, we found that GFP expression in PGCs after injection of gfp-nos3 3 0 -UTR mRNA did not last more than 2 mo in sturgeon, probably because the injected mRNA was gradually degraded during PGC development. In zebrafish, the expression of nanos3 (nos3) mRNA declines to an undetectable level by 5 dpf and remains so until 21 dpf; subsequently, the gene is expressed again, but only in early oocytes of females [23, 27] . Furthermore, the mRNA injection technique needs more preparative steps and requires increased cost and time. In contrast, the PGC visualization technique using FD-500/TD-500 is simpler than production of transgenic fish and is more stable and affordable than use of GFP expression after mRNA injection. Even though the level of FITC fluorescence gradually declined as the cells proliferated, it was easy to follow the course of PGC development.
In some fish species, such as zebrafish, medaka, and stickleback, the number of PGCs likely plays an important role in sexual differentiation. In these species, female PGCs appear to proliferate more rapidly than male PGCs [4] [5] [6] 28] , although in loach (Misgurnus anguillicaudatus) and goldfish (Carassius auratus auratus), the number of PGCs does not affect sexual differentiation [10, 11] . Considerable interest exists in understanding the sex determination mechanism in sturgeons, mainly because of the demand for monosex populations of caviar-producing females. Although some studies have provided evidence of a ZW-female heterogametic genetic sex determination system [29, 30] , it remains uncertain whether the germ cells or gonadal somatic cells predominantly determine primary gonadal sex. The present study clearly shows that the 
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proliferation of PGCs in the genital ridges can be observed using FITC fluorescence. Thus, if dimorphism in PGC proliferation rates exists between females and males, we should be able to identify this effect in sturgeon. The present study throws no light on this matter because a comparatively small sample of embryos was analyzed; however, counting PGCs in sturgeon will provide some indication of the likely sexual differentiation mechanism in these species.
The number of labeled PGCs varied with the molecular weight of the FITC-dextran. Interestingly, the efficiency of PGC visualization using FD-500 was higher than that with FD-2000. This suggests that the area in which PGCs are formed at the vegetal region is larger than that labeled by FD-2000. In support of this conclusion, it was reported that formation of GFP islands after injection of gfp-buc mRNA is observed distant to the vegetal pole [18] . Germplasm likely accumulates in a wide area of the vegetal hemisphere in sturgeon. Elucidation of the process of PGC formation in sturgeon will require investigation of the distribution of germplasm in eggs.
We applied time-lapse imaging analysis to FITC-positive PGCs during embryonic development and demonstrated that migration of the PGCs could be divided into two phases, active and slow migration, at different developmental stages. PGCs in the active migration phase were easily isolated surgically, whereas PGCs at the later stages were difficult to isolate because of a close interaction with the surrounding mesodermal tissue. We suggest that sturgeon PGCs at later developmental stages migrate in a coordinated manner with the mesodermal somatic tissue on the developing gut. In support of this conclusion, it has been reported in the Adriatic sturgeon (Acipenser naccarii) that each PGC is located near the mesentery at around the hatching stage and is surrounded by thin, cytoplasmic extensions from two or three somatic cells [14] . In medaka, migrating PGCs are surrounded by mesodermal somatic cells when they are located around the upper part of the developing gut until 7 dpf, and then they move toward the genital ridge [31] . However, in Nibe croaker (Nibea mitsukurii), PGCs appear to be enclosed by genital somatic cells after passing through the mesentery of the dorsal wall of the body cavity where the gonad forms [32] . Gonad development requires coordinated soma-germline interactions that ensure proper development and function of the gametes. The interaction of PGCs and somatic cells during their migration in sturgeon will be studied further using the FITClabeling technique.
The present results and our previous reports indicate that techniques for ''surrogate production'' in sturgeon are becoming more and more practicable (see reviews, see [3, [33] [34] [35] ). We have already shown that sturgeon PGCs can be isolated using an enzymatic solution and that the isolated cells can be transplanted into different species; furthermore, transplanted PGCs can migrate to the genital ridge even in a phylogenetically distant xenogeneic host [18] . Additionally, we established a technique for isolating spermatogonia and oogonia using Percoll gradient layers; transplantation of these cells into the body cavity of hatched larvae showed that they can proliferate, migrate, and settle at the host gonadal ridge [36] . In this transplantation experiment, the PGCs of the host were labeled with FITC, whereas the transplanted donor germ cells were labeled with the common cell-labeling reagent PKH-26; this allowed us to check that the donor PGCs localized to the developing host gonad. The next step in advancing this technology will be to remove endogenous germ cells (i.e., sterilization of the host). Strategies for host sterilization have been reported in many species, such as busulfan treatment combined with high water temperatures to kill spermatogonia/ oogonia in adult fish [37, 38] or blocking gametogenesis by producing triploid or hybrid fish [39, 40] . To date, however, complete removal of germ cells seems to have been achieved only in fish where PGC development was blocked by a gene knockdown [10, 11, 41, 42] . To achieve this in sturgeon, genome editing techniques using CRISPR/Cas9 or TALEN could be applied to produce sterilized fish by knocking down PGC-specific genes. The FITC-labeling technique for PGCs described here will be of value for monitoring successful induction of sterility after inhibiting/disturbing PGC development.
In conclusion, we have developed a technique to visualize PGCs in sturgeon embryos. Visualization of PGCs has great potential for the investigation of PGC development, including their migration and proliferation patterns in embryos, hatched larvae, and young fry. Our new technique might also be used to visualize PGCs in species that have a pattern of PGC development similar to that of sturgeon, such as Eleutherodactylus coqui [43, 44] . Furthermore, we believe our new technique will be an invaluable tool for developing surrogate production in sturgeon.
